The present study addresses the numerical prediction of the two-phase flow in the intake port of a SI-engine. Particular emphasis is put on transient phenomena, as well as secondary effects, such as droplet breakup and droplet wall interaction. These phenomena have a significant influence on the fuel air mixture characteristics and cannot be neglected in the numerical prediction. The numerical methodology, presented in this paper, is based on a 3D body-fitted Finite Volume discretization of the gas flow field and a Lagrangian particle tracking algorithm of the disperse fuel phase. The Unsteady Reynolds Averaged Navier-Stokes equations (URANS) are solved by a time-implicit three level scheme. In the Lagrangian particle tracking algorithm, the spray is modeled by superposition of a large number of droplet trajectories. Two advanced numerically effective models are presented for the prediction of droplet breakup and droplet wall interaction. Special emphasis is put on the correct reproduction of the droplet statistics. In the present study the fuel injection and spray preparation process within the intake port of a SI-engine is investigated. Spray preparation is dominated by atomization processes like droplet breakup and wall interaction which predominantly take place at the valve seat. In order to find the principal characteristics of fuel preparation in a SI-engine, a parametric study has been carried out focusing on the influence of the gap sizes of the intake valve which strongly affects the complete fuel preparation process. The study is concluded by an analysis of qualitative and quantitative results of the predicted flow field.
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INTRODUCTION
The stringent emissions standards for automotive spark ignition engines require a comprehensive and detailed study of fuel preparation, combustion and emission formation. Particular emphasis has to be put on fuel mixture quality which directly affects the emission of the SI-engine. The present paper addresses the fundamentals of fuel preparation process for open valve injection inside the intake port of a SI-engine. Spray propagation as well as secondary spray effects which occur principally at the valve seat are studied in detail. Droplet breakup and droplet wall interaction are important secondary effects and have been included as well. Both may depend on the gas velocity and therefore mixture quality and fuel deposition will be strongly affected by the gap size of the intake valve. In order to achieve a better understanding of fundamental fuel preparation processes, a parameter study has been carried out for varying gap sizes. Experimental investigations of fuel preparation inside the intake port have been reported previously [14] [9] . However, spray effects at the valve seat within the intake port are difficult to analyze by measurement techniques. In order to asses and optimize fuel-air mixture preparation, a comprehensive numerical investigation is presented herein. The present study introduces an efficient approach for the prediction of the complex two-phase flow field in the intake port of a SI-engine. The accurate discretization of the duct geometry requires a body fitted mesh. A three-dimensional compressible in-house CFD code, based on the Finite Volume method (FVM) is used to calculate the gas flow field. Since fuel injection causes transient flow interaction phenomena, the Unsteady Reynolds Averaged Navier-Stokes equations (URANS) are solved in conjunction with a time-implicit three level scheme. An additional Lagrangian in-house code for the prediction of the fuel spray is is used in conjunction to the CFD code. The spray is modeled by superposition of a large number of droplet trajectories. Spray dispersion by the turbulent gas flow is taken into account by stochastic variations of the velocity field along the individual droplet trajectories. Spray evaporation is also considered by the well known Uniform Temperature Model [22] [1] . Two advanced models have been developed to account for the proper description of droplet breakup and droplet wall interaction. Special emphasis was put on the correct reproduction of the droplet statistics. Both models are based on empirical correlations, which have been derived from experimental data [20] [21] . The models are formulated in terms of non-dimensional parameters such as Reynolds, Weber and Laplace number. The two-phase flow to be considered is characterized by intense rates of interphase mass, momentum and energy transfer. Typically, a major part of the interaction between droplets and gas phase occurs in the flow region near the nozzle. In order to consider unsteady mutual influences of continuous (gas) and disperse (liquid) phases, the CFD code is coupled with the Lagrange code by interfacial source terms. The present studies are based on experimental investigations which have been carried out for part loaded operation. As the surface temperature of the inlet valve is exceeding 100 AE C (373 K) for these operating conditions [14] , hot surfaces with wall films are approximated as dry walls in the present study assuming rapid evaporation of the deposited liquid fuel. The accuracy of the numerical codes in terms of gas/droplet velocity, droplet number density and fuel vapor concentration has been investigated previously [2] [19] .
GAS PHASE
The computation of the gas flow field is carried out by means of the in-house code METIS. The numerical description is based on the Unsteady Reynolds Averaged Navier-Stokes equations (URANS), represented by the following system of equations,
The stress tensor τ i j for Newtonian fluids is given by
assuming the validity of the Boussinesq approximation. In order to determine the turbulent viscosity µ t , the standard k-ε turbulence model is included [7] . The turbulent Prandl and Schmidt number are set to the constant values of Pr t =0.9 and Sc t = 1.0. The unsteady terms in Eq. (1)- (4) are discretized by a timeimplicit three level scheme [5] ∂φ ∂t
In contrast to explicit schemes, implicit methods have no restriction regarding the Courant number. Hence, implicit methods exhibit better numerical stability. However, in order to resolve the transient processes, the Courant number was adjusted to the present flow conditions. The system of transport equations is formulated in a bodyfitted 3D Cartesian system and discretized by means of a finitevolume method. The coupled velocity-pressure field is determined by using the SIMPLEC pressure-correction algorithm on non-staggered grids [25] . In order to reduce numerical diffusion, a second order bounded Monotonized Linear Upwind scheme [11] is used in the present study for the discretization of convective fluxes. The finite-volume balance equations for structured grids are arranged in a sept-diagonal matrix , which is solved by an iterative solution procedure based on a conjugate gradient method [12] .
LIQUID PHASE
The liquid fuel spray is predicted by the in-house code LADROP. The program is based on the Lagrangian approach of dispersed two phase flow in terms of tracking a statistically significant number of droplet parcels in the gas flow. Each parcel is represented by an individual droplet and is determined by discretization of the continuous spectra of droplet initial conditions in the near field of the atomizer.
EQUATION OF MOTION
The droplet tracking algorithm is based on the integration of the droplets equation of motion
As the aerodynamic drag coefficient C D is a function of the Reynolds number, it varies along the trajectory integration. The aerodynamic drag force on the droplet is also strongly affected by the deformation of the droplet. As droplet deformation by aerodynamic forces is a complex phenomena, the following correlation [27] is used to approximate the influence of deformation, governed by internal flow patterns and the flow around the droplet
SPRAY DISPERSION
In order to account for the effect of turbulent spray dispersion, the gas flow field equations are superposed by stochastic fluctuations along the droplet trajectories [6] [8] . In this concept, the local turbulence is characterized by the length scale l e and dissipation time scale t e of eddies representing the coherent flow structures
In addition to the life time t e , a crossing time t c is calculated from
taking into account the droplet dynamics. The minimum of both time scales determines the instance of a droplet leaving the turbulent eddy. Consequently, a new velocity fluctuation u ¼
g is produced by a random generator from a Gaussian distribution which is determined by the probability density function
This velocity fluctuation remains constant for the period of droplet-eddy interaction and is added to the local value of the gas flow velocity.
SPRAY EVAPORATION
Droplet evaporation is simulated by means of the Uniform Temperature Model [4] [22] [1] . This computationally effective model is based on the assumption of a homogeneous temperature distribution within the droplet and phase equilibrium conditions at the liquid/gas interface. Compared to the droplet interior, diffusion time scales in the gas phase are smaller by orders of magnitude giving rise to a quasi-stationary description of the diffusive transport processes. Using reference values for the fluid properties (1 3-rule from [23] ), the integration of the transport equations inside the droplet for mass and enthalpy yields analytical expressions for the diffusive transport fluxes. Convective transport is considered by empirical correction factors c f m and c f h (Eq. 14) resulting in differential equations for droplet mass (Eq. 12) and temperature (Eq. 13).
SECONDARY DROPLET BREAKUP
The details and the validation of the present breakup model have been presented previously [19] [20] . At low relative velocities, the spherical shape of the droplets is preserved by the dominating effects of surface tension and internal viscous forces. With increasing velocities, the destabilizing aerodynamic forces on the droplet surface result in deformation, oscillations and disintegration of the droplet. [17] Correlations for classifying secondary droplet atomization processes typically are based on two characteristic non-dimensional parameters,
The Weber number is the ratio of the strength of aerodynamic forces relative to surface tension forces, whereas the Ohnesorge number represents the damping effect of viscous friction in the droplet compared to surface tension. In the Weber number range from We 1 up to a critical value We We c , non-destructive droplet deformation and oscillation is observed. Three different mechanisms govern the breakup of droplets within the regime of Weber numbers typical of flows in combustion engines. Exceeding the critical Weber number of We c = 12, the first mechanism observed is bag breakup (Fig. 1 ). This process is characterized by the formation of a thin hollow bag of droplet fluid being extracted from a toroidal rim. With increasing aerodynamic forces, the bag-plume breakup regime (Fig. 2) is observed , starting at We = 18 . Flow interaction is forming an additional fluid filament in the center of the bag structures which is aligned Figure 2 . Droplet deformation and bag-plume breakup [17] with the relative flow velocity. shear breakup (Fig. 3) occurs at Weber numbers exceeding the value of 40. This mechanism is fundamentally different to the preceding mechanisms and is characterized by a rapidly disintegrating film being continuously stripped off the rim of the disc-shaped droplet by shear forces. For the present predictions, a stochastic technique is applied to account for secondary droplet breakup. It is based on correlations, derived from experimental data [17] . In order to take into account for viscosity effects for On 0.1, a corrected Weber number is introduced [20] We corr We
The Sauter mean diameter D 32 of the resulting secondary droplets is determined from a universal non-dimensional correlation
We 0 25 corr (17) In contrast to the D 32 , the size distribution of the secondary droplets depend on the breakup mechanism. The fragments of bag and bag-plume breakup ( Fig. 1, 2 ) are described by a universal root normal distribution (Eq. 18), with a fixed ratio of
Due to the nature of shear breakup mechanism (Fig. 3) , the secondary droplet spectrum is characterized by a bimodal size distribution. It consists of a fraction of small droplets, stripped of the parent droplet and a single much larger core droplet. In the computational model, the maximum stable diameter D c of the core droplet is evaluated from the local value of the critical Weber number We c . The fraction of the small droplets is distributed according to Eq. (18), based on a reduced Sauter mean diameter
The time scales of the initial deformation and the subsequent breakup mechanisms are determined by correlations which have been derived from extensive experimental data. Normalized by the characteristic time scale (20) the temporal evolution of bag, bag-plume and shear (incl. plumeshear) breakup is summarized in Fig. 4 . The temporal stages of each breakup process are implemented in the numerical models in terms of time dependant droplet deformation and generation of secondary droplets. A detailed derivation of the numerical approach is available [18] . 
WALL INTERACTION
The wall interaction can be discriminated into the regimes of cold wall (T 1 05 T b ), hot wall (1 05 T b T T L ) and very hot wall (T T L ) [16] . Since wall temperatures are well below 1 05 T b in the present study, cold wall interactions are consistently used throughout the computation. In this temperature regime, the two basic mechanisms are either splashing or complete deposition of the droplet. In the case of splashing, a fraction of the droplet mass is deposited on the wall whereas the remainder is decomposed into secondary droplets and rejected back into the gas flow. A possible approach to distinguish between splashing and complete deposition involves the impact Reynolds number and the Laplace number,
The impact Reynolds number is based on a corrected droplet velocity normal to the wall u n u d sin α 0 63 . An analysis of numerous droplet impact experiments indicates that splashing is separated from complete deposition by the limiting function
In order to quantify the splashing process, it is necessary to establish a relation for the deposition rate η characterizing the fraction of the deposited droplet mass. Up to now, experimental studies reveal only little information about the details of the splashing process and the deposition rate. However, it is evident from several studies [26] [24] [10] , that the distance from the splashing/deposition (Eq. 22) separation line in the logarithmic Re-La plane has a dominating influence on the deposition rate in the splashing domain. Analytically, the distance from the splash- Figure 5 . Droplet impact and splashing on wall [15] ing/deposition separation line can be described by the splashing parameter S, expressed by the relation Re S 24 La 0 419 (23) where S 1 represents zero distance. Because the splashing process is insufficiently understood, a practical approach is chosen in this study for the deposition rate
which is based on an extrapolation of experiments on the interaction of droplets with thin wavy films [16] . The determination of initial conditions of the secondary droplets is a second important part in modeling the splashing process. Secondary droplets have much smaller diameters compared to their parent droplet. The logarithmic diameter distribution of the droplet cloud produced by splashing can be described by a LogNormal distribution
In this relation, D 0 denotes the droplet diameter just before impact. The correlations are in good agreement in comparison to experimental data [15] [24] . Ejection angles of the secondary droplets are typically in the range of α 10 AE to α 15 AE relative to the wall whereas initial velocities are about 60% of the impact value. In the present study, secondary droplets from splashing are very tiny and instantly follow the gas flow in the near wall region. Therefore, a detailed modeling of initial velocity and position is not necessary for the secondary droplets generated by splashing. Wall films have a strong impact on the deposition rate, but they do not affect spray statistics of secondary droplets. As only very thin wall films are expected for the operating conditions considered in the present study, the effect of wall films can be neglected.
COUPLED SOLUTION OF THE TWO PHASE FLOW
The gas and the liquid phase interact by means of mass, momentum and energy transfer. Hence the influence of the spray to the gas phase has to be considered by interfacial droplet source terms. As transient phenomena can be initiated due to the presence of spray, the discretization of the unsteady droplet source terms is important in the numerical approach. In the following, a time implicit procedure is presented for the prediction of an unsteady two phase flow field: In a first step, the gas phase is solved by the CFD program METIS. Based on the results of the gas code, the dispersion and evaporation of the spray for the next time step is computed by LADROP. Secondary spray effects as droplet breakup and spray wall interaction are included. The overall time step is limited by the gas and the spray solver. Whereas the implicit gas solver can handle CFL numbers 1, the time step of the explicit RungeKutta solver in the spray code has to be adjusted to a CFL number 1. Another limiting factor is of course the numerical errors introduced by the discretization scheme. As a result, LADROP returns droplet source terms (Eqs. 27-29) which describe the local rates of mass, momentum and energy transfer across the liquid-gas interface [3] . Subsequently the gas phase is solved for this next time step, adding source terms of the liquid phase to the matrix of the discretized Eqs. (1)-(4) . Based on the result of the actual time step, the solution for the following time step has to be solved in the same way. By this method the whole period of liquid fuel injection is predicted, considering unsteady coupling effects. The numerical investigation to be presented subsequently is based on preceding experimental studies of the fuel preparation at part loaded operation of the engine [13] [14] . The base engine is a four-cylinder four-valve production type. Fuel is injected via a sequential multi-point injection system. To study the fuel preparation at various operating conditions, optical access to the interior has been realized by cutting off the cylinder head of the outer cylinder. Based on original CAD data, the inner contour of the missing part was then machined from acrylic glass and fitted to the cylinder head. A detailed description of the test rig and the measurement techniques has been published [14] . In the experiment, a steady air flow through the intake port was generated by a vacuum pump. Fuel atomization was realized by a production two jet pintle type injector using an injection pressure of 0.46 MPa. The experimental setup is illustrated in Fig. 6 , showing a visualization of the spray 4 ms after starting fuel injection. The inlet boundary conditions have been adapted to operating conditions of the base engine at a revolution of 1500 RPM and an IMEP of 0.4 MPa. In comparison to the operating engine, the inlet boundary conditions are constant over time in the experiment (Table 1) Table 1 . Inlet boundary conditions
The focus in the present numerical study is put on fuel-air mixture generation, which is dominantly affected by droplet breakup and droplet wall interaction [9] . As these atomization processes are strongly influenced by the valve gap, a parametrical study has been carried out: A completely opened, a halfway opened and a nearly closed intake valve. As specified in Table 1 , the inlet boundary conditions are identical for all three cases. Due to the restricted cross section the gas velocities increase dramatically at the valve gap in particular for the case with a minimizing gap size. Hence, different mechanisms of droplet breakup are observed as well as varying splashing events. For a completely opened intake valve (z = 8 mm) the predicted results are illustrated in Fig. 7 . The velocity field of the gas phase is shown as a vector plot on the symmetry plane, whereas the fuel spray is represented by a limited number of droplet trajectories. The generation of secondary droplets, caused by splashing events on the valve surface is also obvious in Fig. 7 . By deposition of fuel on the valve surface a liquid wall film is generated [28] , in particular for cold starting conditions. For the studied operating conditions, the surface temperature of the valve increases and is even exceeding 100 AE C (373 K) [14] . Under these conditions the evaporation rate of the liquid film significantly exceeds the deposition rate. Very thin wall films are the consequence. Because of this effect hot surfaces with wall films are approximated as dry walls in the present study assuming rapid evaporation of the deposited liquid fuel. The computational domain is illustrated in Fig. 7 . Due to the symmetric design of the intake port only one half is computed. The turbulent inlet boundary conditions are approximated by pipe flow conditions. In order to achieve a fine discretization at the valve gap, the mesh resolution is less than 1 mm at the port exit. 
DROPLET STARTING CONDITIONS
The position of the spray is indicated by representative trajectories originating from the injection nozzle. Since primary atomization of the fuel is completed within a short distance of 1 mm, the initial conditions of the spray can be specified close to the nozzle orifice. Each representative droplet parcel is described by a specific combination of droplet diameter, velocity and position. One of the major advantages of the Lagrangian method is the possibility to specify a large number of different droplet initial conditions to achieve a detailed resolution of the primary atomization process [20] [19] . Droplet initial conditions are generated stochastically according to the distribution recorded by PDA during bench experiments. The normalized number density and the Sauter mean diameter are illustrated for the fuel spray in Fig. 8 recorded 2 ms after injection start. A detailed description of droplet initial conditions which have been used in the present study is available [2] . 
TRANSIENT SPRAY EFFECTS
The injection of a fuel spray is characterized by transient phenomena. For example, unsteady acceleration of the gas phase is induced by aerodynamic interaction with the fuel spray. As momentum source terms are strongly dependent on the relative velocity, transient forces on the gas flow are predominant closely behind the nozzle. The resulting phenomena have to be considered by an unsteady approach of the two-phase flow field for an accurate prediction of the fuel propagation. Due to constant inlet conditions over time, transient effects within the gas phase can only be caused by the fuel spray. The simulation is started at the begin of fuel injection (t = 0 ms). The overall time stepping is limited to a maximum of 0.1 ms throughout the complete simulation. Additionally, the time step has to be adjusted to account for a CFL number 1 of the explicit RungeKutta solver for the droplet phase. Subsequently, two results are presented for t = 1 ms (left) and t = 5 ms (right) along the centerline of the spray cone, as shown in Fig. 9 . The gas velocity is Figure 9 . Side view along the centerline of the spray cone illustrated by streamlines and the spray is shown as a contour plot of the normalized number density. A vortex is observed between the spray cone and the upper wall of the domain. It is caused by flow separation at the flange of the cylinder head. A similar vortex has been observed by two phase PIV measurements [14] . As gas velocities are low in the shear flow of the vortex, the spray causes an acceleration of the rotating gas phase increasing the size of the vortex. Due to the inertia of the vortex, its size increases to a maximum which is observed 5 ms after begin of injection. Since tiny droplets of the fuel spray are captured by the vortex, fuel propagation is directly affected. Spray penetration is also influenced by the unsteady acceleration of the gas phase. Subsequently, the penetration of two representative droplets is studied. The first droplet is injected at t in j 0 ms representing the spray tip, the second at t in j 5 ms.
The predicted results (Fig. 10 ) are compared to data from laser light sheet measurements and are found in good agreement. Analyzing the gradients ds dt in Fig. 10 , two inflection points are Figure 10 . Spray penetration found. It is obvious that droplets are retarded after the injection and accelerated subsequently to a constant velocity. Since spray interactions are stronger for the first droplet (t in j 0 ms), the penetration time is larger, compared to the second droplet (t in j 5 ms).
GAS PHASE RESULTS
Predictions of the gas phase are presented for the three cases: a completely opened (z = 8 mm), a halfway opened (z = 4 mm) and a nearly closed (z = 2 mm) intake valve. As the inlet conditions are constant over time for all cases, the gas velocities are in principal different at the valve seat. In general, the gas flow is accelerated and directed towards the port exit. A significant recirculation zone is found behind the valve stem. A typical results of the gas flow field in the longitudinal section is illustrated in Fig. 11 . The quantitative numbers of flow at the port exit of the intake port have been evaluated and are summarized in Table  2 . It is obvious, that if the gap size is minimized, gas velocities will increase dramatically at the valve seat. For Mach numbers greater than 0.1, compressibility effects become important in particular at the valve gap. As a consequence, the gas temperatures at small gap sizes are significantly reduced. Gas velocities are also affected by the compressibility effects. Thus, mean gas velocities are not linear to the reciprocal gap size at the port exit, as it would be the case for an incompressible fluid. In particular, compressible effects are strong for z = 2 mm, where a Mach number of 0.54 is observed at the valve gap. Table 2 . Gas flow quantities at the port exit
DROPLET PHASE RESULTS
As mentioned previously, fuel preparation in the intake port is strongly affected by droplet breakup and droplet wall interaction, like splashing [9] . Since droplet breakup is a function of the Weber and Ohnesorge number and splashing of the Reynolds and Laplace number, these mechanisms are depending on the velocity field of the gas phase. If gas velocities are increasing with a smaller valve gap, secondary spray effects will dramatically change. Fuel propagation has been investigated for three cases: The intake valve is completely opened (z = 8 mm), halfway opened (z = 4 mm) and nearly closed (z = 2 mm). The predicted results at the valve seat in terms of representative trajectories of the fuel spray, deposit mass flux rate of the liquid fuel and patterns of dominating spray mechanisms are depicted in Fig. 12 (z = 8 mm), Fig. 13 (z = 4 mm) and Fig. 14 (z = 2 mm) . Droplet statistics have been evaluated at the port exit of the intake port and are summarized in Table 3 . Analyzing the predicted results of the fuel spray for a completely opened intake valve (Fig. 12) , it is obvious, that the major part of the fuel spray is impinging on the valve surface 15. The dominating area of impingement is indicated by an intensive rate of deposited liquid fuel. Less droplets hit the wall of the intake port.
In particular, tiny primary droplets are deflected by the gas flow and are then deposited on the wall above the port exit or carried to the valve exit, as indicated in Fig. 12 and Fig. 7 . Studying the secondary spray effects, the dominating mechanisms are splashing and deposition. Only big droplets are atomized by bag breakup at the valve seat. At a halfway opened intake valve (Fig. 13) , different mechanisms become dominant due to greater gas velocities. Big droplets are atomized by bag breakup close to the valve surface before they splash. The generated secondary droplets are deposited or carried to the port exit. Bag breakup and bag-plume breakup are observed in the proximity of the valve gap. Only less droplets are directly carried to the port exit without being atomized (Fig. 15) . Comparing the deposition to the previous case (z = 8 mm), the major area of impingement has moved towards the front side of the valve stem (from the viewers perspective). This variation is caused by the modified position of the intake valve with respect to the spray. Complex sequences of secondary events are observed for a nearly closed intake valve (Fig. 14) . As gas velocities are very high, secondary droplets leave the intake port for the most part (Fig. 15) . Tiny primary droplets are deflected and deposited at the wall above the port exit, bigger droplets are destroyed by aerodynamic forces or hit the surface of the intake valve. Two dominating splashing sequences are detected at the valve surface, shown in Fig. 14 . Droplets generated by splashing are either deposited, being broken up or carried to the port exit. As major difference compared to previous cases (z = 4 mm, 2 mm), secondary droplets from splashing are atomized in a quick succession. Only tiny droplets are carried to the port exit or will be deposited at the edge of the intake valve. In addition, the droplet size decreases close to the valve gap due to bag breakup and bag-plume breakup. As result of these processes, very fine droplet sizes are observed at the port exit. The fuel deposition on the intake valve is indicated by two distinct and separated areas (Fig. 14) . The first area is generated by direct impingement of the fuel spray. The second area is caused by the deposition of secondary droplets. A spray statistic has been compiled for droplet sizes at the exit of the intake port (Table 3) . Comparing these to the droplet starting conditions (Fig. 8) , droplet sizes are significantly reduced, in particular, for small valve gaps. This way, fuel preparation is significantly improved by secondary atomization processes, similar to air-blast atomizers [20] . As mentioned, rapid evaporation is assumed for the deposited liquid fuel. Thus, generation of droplets by detachment and breakup of a wall film is excluded for the part loaded operation conditions studied. Fuel evaporation is nearly identical for all three cases (Fig. 15) . The evaporation rate of the spray is identical being approx. 2 % of the injected fuel mass. Thus, droplet evaporation is an inferior contribution to the fuel preparation process. The evaporation of deposited fuel on hot surfaces is the dominant process. The deposition of the fuel spray shows an identical rate of approx. 61 %. Though the splashing parameter (Eq. 23) for impinging primary droplets is nearly identical for the three cases, the deposition process of secondary droplets is completely different. This unexpected identity of the global deposition rate can be explained by considering two limiting cases. Secondary droplets are deposited or reaching the port exit in the case of a completely opened intake valve. These droplets are mostly destroyed by aerodynamic forces in the case of a nearly closed intake valve with the consequence of a distinct fuel deposition of atomized droplets. Thus, more droplets are eventually deposited in the second case, whereas bigger droplets are deposited in the first case. Despite these rather different mechanisms the deposition rate is nearly the same for both cases. Droplet sizes, however, are significantly influenced by the valve gap. 
Conclusions
Transient phenomena, as well as fuel preparation processes inside an intake port have been studied by numerical predictions. The numerical scheme is based on the Unsteady Reynolds Averaged Navier-Stokes equations (URANS) which is solved by a time-implicit three level scheme. Secondary spray effects have been accounted for by two advanced models for droplet breakup and droplet wall interaction. Both models have been developed under the objective to reproduce the statistics of the secondary droplet products correctly. Transient spray effects are generally present closely behind the injector nozzle. In the present study, two transient spray effects have been observed. First, the vortex located behind the flange of the cylinder head is increased. This vortex directly affects the fuel propagation in the intake port because tiny droplets are captured by the vortex. Secondly, the penetration time for a core droplet is shorter compared to a droplet at the tip of the spray. The fuel preparation process is dominantly influenced by secondary spray effects, in particular droplet breakup and droplet wall interaction. As these processes are influenced by the valve gap, the fuel mixture generation has been studied for three different valve positions: completely opened, halfway opened and a nearly closed. The study revealed that droplet sizes are significantly influenced by the valve gap. In contrast, the fuel deposition has been found to by nearly identical for all three cases. Mixture quality of the liquid fuel is significantly improved by small valve gaps. The initial droplet diameters, generated by the fuel injection have a minor influence on the overall droplet sizes at the port outlet. Big droplet sizes are decreased by secondary spray effects at the valve seat. In order to achieve an optimal atomization process, the spray cone has to be justified to the valve surface. As fuel deposition is rather high for all studied cases, a procreation of droplets by detachment and breakup of a sheardriven wall film is most problematic for cold starting conditions.
